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HIV and hepatocellular and esophageal carcinomas related to
consumption of mycotoxin-prone foods in sub-Saharan Africa1–4
Jonathan H Williams, Jessica A Grubb, Jerry W Davis, Jia-Sheng Wang, Pauline E Jolly, Nii-Ayi Ankrah, William O Ellis,
Evans Afriyie-Gyawu, Natalie M Johnson, Abraham G Robinson, and Timothy D Phillips

INTRODUCTION

Large variations in HIV transmission rates are observed between African social groups and nations, and these differences
have been the focus of significant research to understand the
epidemiology of the disease and to develop interventions against
the spread of the disease. Early research established links between social behavior and transmission rates. Many of these
factors, such as male circumcision (1), other sexually transmitted
diseases (2), faith (3), and partner concurrency (4) have been
further studied and proven important (5) through detailed study,
models, or clinical trials.

154

Food and nutritional factors have not received that same attention from a transmission perspective, but micronutrients in
particular have been studied for their role in the progression of
HIV (6). Mycotoxin contaminants in foods may also be important
in the HIV epidemic, for instance, chronic aflatoxicosis is associated with immune suppression (7) and a reduction in essential
nutrients and may result in deficiencies known to promote HIV
progression (8). HIV infection combined with high concentrations of the aflatoxin-albumin adduct biomarker have been
associated with a decreased potential for antibody responses,
decreased immune cytotoxic activity, and decreased numbers of
regulatory T cells, which may result in hyperactivation of the
immune system (9). Thus, dietary sources of aflatoxin are a potential factor in the HIV epidemic.
A literature review indicated that fumonisin exposure is associated with an increased risk of esophageal cancers (10). Fumonisin is predominantly a contaminant of maize (11) resulting from
fungal growth (Fusarium verticillioides) after damage by pests
such as the cornstalk borer (Busseola fusca). Fumonisin is involved in sphingolipid metabolism, ceramide synthesis (12), cell
signaling (13), membrane characteristics (14), and membrane
porosity (15). Unlike aflatoxin, fumonisin has been proposed as
a positive factor in HIV pathology (14), and, in isolation, it has
not been reported to be strongly immunotoxic in animals or humans (10). Interactions and synergies between aflatoxin and fu1
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ABSTRACT
Background: Promotion of the HIV epidemic by aflatoxin is postulated but not yet established. Sub-Saharan populations commonly
consume food contaminated by mycotoxins, particularly aflatoxins
(predominantly found in peanut, maize, rice, and cassava) and fumonisins, which occur primarily in maize. Aflatoxin promotes hepatocellular cancer, and fumonisin may promote esophageal cancer.
Objectives: This analysis was undertaken to test the hypotheses that
consumption of mycotoxin-prone staple foods is 1) related to the
incidence of HIV infection in Africa and 2) related to “signature”
cancer rates confirming exposure to aflatoxins and fumonisins.
Design: World Health Organization data for causes of death and the
Food and Agriculture Organization per capita consumption data for
commodities in sub-Saharan Africa were used. Per capita Gross
Domestic Product and the percentage of Muslims (%Muslim) were
the socioeconomic data sets exploited. Relations between causes of
mortality, consumption of mycotoxin-prone foods, and socioeconomic variables were evaluated. Models for HIV transmission as
a function of maize consumption and %Muslim were estimated.
Results: HIV and esophageal cancer deaths were significantly related to maize but were inversely related to %Muslim and rice
consumption. HIV infections were minimized (74 compared with
435/100,000 people; odds ratio: 2.41; 95% CI: 1.73, 3.24; P 
0.0001) by the combination of low maize consumption and
above-median %Muslim. Hepatocellular cancer deaths were positively related to rice but negatively related to maize consumption.
Conclusions: HIV transmission frequency is positively associated
with maize consumption in Africa. The relation between cancer and
food suggests that fumonisin contamination rather than aflatoxin is
the most likely factor in maize promoting HIV. Changes to the
quality of maize may avoid up to 1,000,000 transmissions of HIV
annually.
Am J Clin Nutr 2010;92:154–60.
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METHODS

Data sources
Data for most socioeconomic drivers of the HIV epidemic are
not available at the national level for countries in sub-Saharan
African (SSA), being mostly documented at the local or regional
levels within each nation. For example, tribes are seldom confined
to national boundaries and may differ with regard to the practice of
male circumcision (1), which is now considered a key intervention
to protect against HIV; however, the prevalence of male circumcision is not documented as part of the national census data.
However, statistics on faith exist for all nations, and, at the national
scale, the Muslim faith provides an integrating social demographic
related to HIV infections (3) and establishes a baseline (the lowest
percentage) for male circumcision. Other major African religions
do not directly influence circumcision. Per capita Gross Domestic
Product (GDP) is another standard data set across SSA.

Data for both 1993 and 2003 pertaining to continental SSA
nations was obtained from the World Fact Book (21) for the
percentage of Muslims (%Muslim) and per capita GDP. Food and
Agriculture Organization (FAO) data for the per capita consumption of staple foods for 38 nations were available and
accessed for both 1993 and 2003 (22). The 2004 mortality rates
from all causes in the countries for which food data were
available were collected from the World Health Organization
(WHO) (23). For hepatocellular and esophageal cancer relations
to foods, both the 1993 and 2003 data were used; however,
because the resulting regression parameters were not statistically different between the years, only the results for 1993 are
presented. Descriptive statistics for these data are provided in
Table 1.
Analysis
Initially simple correlations between socioeconomic variables,
consumption levels of food staples, and all causes of mortality
were evaluated (Table 2). No significant positive relation between cassava consumption and HIV, hepatocellular cancer, or
esophageal cancer was detected, so this staple was dropped from
further investigation. We then focused on regression analyses of
causes of death (HIV infection and esophageal and hepatocellular cancers) as functions of the environmental variables; these
cancers were considered “indicators” of fumonisin and aflatoxin
exposure, respectively (Table 3). In the case of hepatocellular
cancers, we also evaluated hepatitis B virus (HBV) as a cofactor.
The possible roles of both %Muslim and GDP as factors in the
HIV epidemic were evaluated by using a multifactor regression
model of HIV deaths as a function of %Muslim, GDP, and the
interaction of GDP with %Muslim. This model established that %
Muslim integrated any effects of GDP on HIV because only the %
Muslim coefficient was statistically significant (P , 0.05) in the
multifactor model (data not presented). GDP was not included in
further analyses.
To determine the relative importance of factors that affect the
overall internation variance for HIV, we used single or multifactor
regression and linear regression using restricted data sets that
excluded, or considered separately, data such as statistical outliers (Table 4).
For an effect analysis of the %Muslim and maize consumption
factors on the risk of HIV, 4 treatments were established by
classifying nations according to whether the HIV data were above
or below the median for both %Muslim and maize consumption;
the mean HIV infection frequency for each group was analyzed to

TABLE 1
Descriptive statistics for mortality data (23) from 2004 and for environmental variables (21, 22) from 1993

1

HIV/AIDS
Esophageal cancer1
Hepatocellular cancer1
Muslim (%)
Gross Domestic Product (US$/y)
Cassava (kg per capita/y)
Peanut (kg per capita/y)
Maize (kg per capita/y)
Rice (kg per capita/y)
1

Deaths per 100,000 persons.

Mean

SE

Median

Range

Minimum

Maximum

281.45
3.47
10.10
27.13
687.59
19.55
2.46
41.57
22.16

50.85
0.59
1.19
4.85
136.03
3.69
0.54
6.63
4.68

166.69
1.91
8.41
17.80
400.00
12.50
1.00
26.00
10.00

1451.85
13.07
30.34
93.99
4085.00
95.50
13.00
141.00
105.00

11.51
0.17
1.25
0.01
115.00
0.00
0.00
0.00
0.00

1463.36
13.24
31.59
94.00
4200.00
95.50
13.00
141.00
105.00
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monisin are documented in regard to the risk of liver cancer (16).
It is also possible that immune suppression may be enhanced by
coexposure to aflatoxin and fumonisin (17).
The staple foods most prone to aflatoxin contamination are
considered to be peanuts, maize, cassava, and rice (18). Consumption of peanuts is recognized as a contributing factor to
aflatoxicosis and an increased incidence of hepatocellular cancer
in African countries (19). Maize, in particular, may also be an
important source of exposure to aflatoxin, because whereas maize
is usually less contaminated than peanuts, people in Africa
consume much larger quantities of maize than peanuts. Maize is
also commonly contaminated with fumonisin. Dried cassava may
be contaminated by aflatoxin, but a significant fraction of cassava
is eaten fresh, which reduces the risk of exposure via this
commodity. Imported polished rice is usually not contaminated,
but locally grown rice may be contaminated if the drying and
storage conditions before milling and polishing are favorable for
the growth of Aspergillus flavus.
The mean survival time with HIV in Africa is 11 y, with 95%
CIs of 2 y for South African and 3 y for East African populations
(20). Thus, HIV deaths in 2004 are mostly the result of infections
that occurred in 1993, or a weighted average for those between1990 and 1996. Unless otherwise specified, “HIV” is used
herein to denote the HIV transmission rate for 1993.
This research was undertaken to explore potential involvement
of mycotoxin-prone foods in the HIV epidemic and to determine
whether further studies are justified.
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TABLE 2
Correlation coefficients (R) between selected causes of death (2004), environmental factors, and per capita consumption of commonly recognized sources of
mycotoxin exposure in sub-Saharan Africa (1993) (n = 37)1
Data year and variable

HIV

EC

HCC

%Muslim

GDP

HIV/AIDS
Esophageal cancer
Hepatocellular cancer
%Muslim
GDP
Cassava
Peanut
Maize
Rice

1
0.4282
20.3252
20.4512
0.222
20.237
20.2523
0.6852
20.4372

1
20.5312
20.258
0.026
20.3162
20.3872
0.5542
20.3882

1
0.5132
20.2943
0.121
0.248
20.3392
0.2833

1
20.274
20.279
0.224
20.3392
0.6672

1
20.106
0.103
20.033
20.077

1

3

%Muslim, percentage of Muslims; GDP, Gross Domestic Product; EC, esophageal cancer; HCC, hepatocellular cancer.
P  0.01.
P  0.05.

determine the effects and relative risks associated with these
environmental factors (Table 5). Analyses used both Excel
(Microsoft Office 2007; Microsoft, Redmond, WA) and SAS
version 9.2 (SAS Institute Inc, Cary, NC). The figures were
prepared with Excel and Grapher version 7 (Golden Software,
Golden, CO).
Assumptions
We tested and confirmed the assumptions that conservative
patterns exist between causes of death and food-consumption
patterns in SSA. The consequence of the year for which the
consumption data were derived was evaluated by generating 2
correlation matrices using the 2004 mortality data against either
the 1993 or 2003 food data. The resulting correlation coefficients
were then taken as variables for a regression using the 1993/2004
R values as predictors of the 2003/2004 R values. The 1993
coefficients were excellent predictors of the 2003/2004 coefficients (R2 = 0.95), justifying the presentation of only the
1993-based results.
We also assumed the following:
1) HIV-related mortality rates in 2004 were not differentially
influenced by national differences in the use of antiretroviral therapies (ARVs). The US President’s Emergency

Plan for AIDS Relief (PEPFAR) was launched in 2003
to deploy ARVs and was still being established in 2004
—the year in which the WHO data were collected.
2) Tribal differences in the practice of male circumcision in
the non-Muslim fractions of the national populations are
not a source of bias.
3) Different food-processing techniques across the region
have little effect on the fraction of contaminants that are
removed from the foods before consumption. This assumption is least certain for fumonisin, because milling
technologies may vary the fraction of fumonisin retained
in the meal (24).
RESULTS

Correlation coefficients between environmental variables and
selected causes of mortality were often highly significant, particularly so for maize (Table 2).
Dietary patterns and socioeconomic parameters
The consumption rates of maize, cassava, rice, and peanuts
varied significantly across nations (Figure 1), providing varied
levels of potential risk to aflatoxins and fumonisins. %Muslim
was positively correlated with rice consumption, but inversely so

TABLE 3
Regression models for deaths (per 100,000 population) due to hepatocellular cancer and esophageal cancer as functions of 1993 consumption of mycotoxinprone staple foods and socioeconomic factors in sub-Saharan Africa1
R2

P

+ 0.5437x
+ 0.072x
– 0.49x
+ 0.126x
– 0.417x
– 0.048x
+ 0.049x
– 0.031x

0.062
0.196
0.318
0.263
0.150
0.151
0.308
0.067

NS
0.089
,0.001
0.001
0.018
0.018
,0.001
0.122

y = 1.78 + 0.025x
y = 4.68 + 0.644x
y = 54.15 – 0.464x

0.050
0.445
0.115

NS
,0.001
0.040

Regression equation
Cause of death and independent variable
Hepatocellular cancer vs peanut
Hepatocellular cancer vs rice
Hepatocellular cancer vs maize
Hepatocellular cancer vs %Muslim
Esophageal cancer vs peanut
Esophageal cancer vs rice
Esophageal cancer vs maize
Esophageal cancer vs %Muslim
Confounding food vs social factor relations
Peanut vs %Muslim
Rice vs %Muslim
Maize vs %Muslim
1

%Muslim, percentage of Muslims.

y
y
y
y
y
y
y
y

=
=
=
=
=
=
=
=

8.77
8.51
1.43
6.69
4.49
4.54
1.43
4.31
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TABLE 4
Parameters of the regression models for HIV-related mortality (per 100,000 population) in 2004 as a function of the prevalence (1993) in Muslims and per
capita maize consumption in sub-Saharan Africa1
SE (6)

P value

409.83
24.733

62.91
1.581

,0.001
0.005

63.02
5.255

54.38
0.946

0.254
,0.001

127.31
20.907
5.882
20.089

72.27
1.598
1.183
0.051

0.087
0.574
,0.001
0.087

—
—
—
—
0.742

0
1.025
7.370
20.113

—
1.198
0.853
0.050

—
0.398
,0.001
0.0324

—
—
—
—

0.204
—
—
0.469
—
—
0.564

%Muslim, percentage of Muslims.

with maize consumption (Table 2). %Muslim was also inversely
correlated with HIV (R = 20.45, P , 0.01) and positively
correlated with deaths from both hepatocellular cancers (R =
0.513, P = 0.001) and HBV (R = 0.44, P = 0.003; further data
not shown). The HBV/%Muslim result introduces the possibility
that ritual circumcision, which may promote the transmission of
HBV, is a confounding factor for the relation of hepatocellular
cancer with diet.
Environmental factors associated with HIV
Significant correlations and regression relations exist in SSA
between maize consumption and HIVand inversely so between %
Muslim and HIV (Tables 2 and 3). Maize consumption, as
a single variable, accounted for 47% of the SSA variance in HIV

(Figure 2 and Table 3). The data for Botswana, Swaziland, and
Zimbabwe are outliers well above the general regression line,
and exclusion of these countries resulted in a relation in which
67% of HIV variations in the remaining data set were attributable to maize consumption. The regression model for these 3
nations differed statistically from the overall model, only in the
intercept term.
The HIV/%Muslim model showed that 20% of variations in
HIV were accounted for by this social factor (Table 4). Some of
the modeled effect of %Muslim on HIV was attributable to
the confounding effect of nations with high %Muslim also
consuming less maize. Regressions using multiple parameters
(%Muslim and maize) to estimate HIV showed a significant
interaction between maize diets and %Muslim. The best model
(as measured by the R2 value) depended on forcing the line

TABLE 5
HIV transmission frequency analysis for countries above or below the median maize consumption (26 kg/y) and above or below the median Muslim
prevalence [percentage of Muslims (%Muslim): 17.8]
Low %Muslim
Low maize
Deaths or transmissions1
Per capita maize consumption (kg/y)2
%Muslim
High maize
Deaths or transmissions1
Per capita maize consumption (kg/y)2
%Muslim
Total HIV deaths or transmissions
Case control (high maize/low %Muslim
vs low maize/high %Muslim)
Relative risk for maize
Relative risk for Muslim
1
2
3
4

268 6 74.3 [9]
16.2
8.3
435 6 105.3 [14]
72.6
9.5
703

High %Muslim
74 6 23.3 [10]
10.9
72.1
291 6 135.4 [4]
66.7
38.7
365

Mean (6SD) estimates of deaths in 2004 or transmissions per 100,000 persons in 1993; n in brackets.
Values are means.
Odds ratio.
P , 0.001.

Total

Value

95% CI

2.413,4

1.79, 3.24

1.31
0.52

1.20, 1.42
0.44, 0.68

342

726
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Regression model 1: HIV on %Muslim
Intercept
%Muslim
Regression model 2: HIV on maize consumption
Intercept
Maize consumption
Regression model 3: HIV on %Muslim, maize consumption,
and their interaction
Intercept
%Muslim
Maize consumption
%Muslim · maize consumption
Regression model 4: HIV on %Muslim, maize consumption,
and their interaction
Intercept
%Muslim
Maize consumption
%Muslim · maize consumption
1

R2

Coefficient
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through zero (R2 = 0.74), whereas the epidemiologically more
sensible model (Table 4, model 3) with an intercept and the
interaction term accounted for a major part (R2 = 0.56) of the
variations in HIV data across nations.
The analysis of the effects of maize consumption and
%Muslim on HIV (Table 5) found that the combination of belowmedian %Muslim and above-median maize consumption resulted
in an odds ratio of HIV of 2.41 (95% CI: 1.79, 3.24) greater than
the opposite combination.

Cancers associated with environmental factors
As shown in Table 2, esophageal cancer deaths were related to
maize consumption (R = 0.55, P , 0.001) but inversely related
to consumption of peanut, cassava, and rice and to hepatocellular cancer (R = 20.53, P , 0.01). Rice consumption was
associated with hepatocellular cancer, whereas maize consumption was negatively related to this disease. The latter
relation was maintained in regression analyses involving combinations of maize with all other environmental variables (data
not presented). HIV rates were negatively correlated (R =
20.33, P , 0.05) with hepatocellular cancer and positively so
with esophageal cancer.

Intervention response modeling
Regression model 3 (Table 4) was used to evaluate sensitivity
to the maize factor. After controlling for the mean SSA Muslim
population, the model predicts 245 HIV transmissions per
100,000 people for the mean maize consumption, whereas, if the
maize factor were totally mitigated (maize = 0.1 kg per capita),

only 103 HIV transmissions per 100,000 are predicted—a 58%
reduction in HIV at the SSA scale.
DISCUSSION

The primary purpose of this investigation was to identify and
evaluate relations between mycotoxin-prone foods and HIV. The
investigation of relations between foods and hepatocellular and
esophageal cancers was to confirm exposure to the toxins as
a function of the dietary patterns. Evidence that mycotoxin exposure is an epidemiologic significant feature of SSA diets is
critical to the interpretation of relations between food consumption and HIV. The role of the socioeconomic variables used
is to evaluate (as well as possible) the role of other known drivers
of the HIV epidemic that may moderate or confound potential
mycotoxin-related effects.
Food-consumption patterns and socioeconomic parameters
As evident in Figure 1, there was significant variation across
nations in the potential dietary risk from the foods most prone to
mycotoxin contamination. The correlation of dietary variables
with the best available socioeconomic variable (%Muslim) indicated that at least some of the known social drivers of HIV are
confounded with the dietary environment. The cropping environments where Muslims predominate are less suitable to maize
and often more appropriate for rice.
Environmental factors associated with cancer mortality
rates
The strong esophageal cancer-maize relation was consistent
with expectations based on published correlations between

Downloaded from ajcn.nutrition.org at GEORGIA SOUTHERN UNIVERSITY on December 18, 2013

FIGURE 1. Per capita consumption of 4 mycotoxin-prone foods in sub-Saharan African countries in 1993. *Denotes median country for maize
consumption. ##Denotes 2004 President’s Emergency Plan for AIDS Relief country.

HIV AND CANCERS RELATED TO MYCOTOXIN-PRONE FOODS

159

Probable causality
FIGURE 2. Relations between 1993 per capita consumption of maize and
1993 HIV transmission/2004 AIDS death rates in sub-Saharan African
countries. Model A (all countries; mean 6 SE): y = x · 5.26 6 0.94 +
63.0 6 54.4 (n = 37; R2 = 0.47). Model B (excluding outliers): y = x ·
4.98 6 0.51 + 42.4 6 28.4 (n = 34; R2 = 0.67). Model C (southern African
outliers): y = x · 7.47 6 1.93 + 550.5 6 147.2 (n = 3; R2 = 0.94).

fumonisin exposure and this cancer (reviewed in reference 10)
and the reported widespread contamination of locally grown
maize (11). This result supports the proposition that consumption
of maize is a proxy for exposure to fumonisin.
The relations between foods and hepatocellular cancer
provided the weakest case for foods to be a proxy for exposure
to aflatoxin. Maize, as the predominant source of dietary aflatoxin, was (contrary to expectation) inversely related to
aflatoxin’s signature cancer, probably because HIV results in
death earlier than does hepatocellular cancer. The second most
likely source of aflatoxin (peanut) only showed a trend for
hepatocellular cancer mortality to increase with peanut consumption, whereas the significant association between rice and
hepatocellular cancer is potentially confounded by the parallel
relations between rice, %Muslim, and HBV—relations that
may derive from the practice of circumcision in unsterile
situations. What is not known is how much of the anticipated
aflatoxin effect from maize and other foods was masked by the
relations between HIV, esophageal cancer, and maize consumption.

Factors associated with HIV
Clearly, maize consumption and HIV transmission (1993)/
death rates (2004) are statistically connected (Table 2). The
importance of this relation reported here is reflected in both the
fact that most of the countries prioritized to receive PEPFAR
funds lie above the median for maize consumption (Figure 1) and
that the model for HIV infections, based on these variables,
projects that a large number of infections may be avoided by
addressing whatever is responsible for the correlation between
maize intake and HIV.

The basis for the relation between maize and HIV needs
careful consideration. Is there an external factor that influences
both environmental suitability for maize and also increases
transmission? From the known social drivers of the epidemic, we
cannot identify any unanalyzed candidate factors correlated to
both HIVand maize consumption that could result in this relation.
We were able to analyze the %Muslim-based index for circumcision, which works to increase HIV when more maize is
consumed.
There is no evidence in the literature of some property of
normal maize that could influence the susceptibility of humans to
HIV infection. Therefore, contaminants are the most likely basis
for the association between maize and HIV. The most common
contaminants of maize are aflatoxins and fumonisins, both of
which could be determinants of the maize-HIV association.
Features of aflatoxicosis that could promote HIV infection
include immune suppression, reduced mucosal IgA, and associated enhanced epidemics in animals as a result of chronic
aflatoxicosis (7, 8). Immune modulation has been associated
with natural levels of dietary aflatoxins in humans in Ghana (7)
and with specifically altered immune function in HIV-infected
persons (9). However, these changes are more likely to influence
progression rather than transmission, and the consumption data
do not support the hypothesis that aflatoxin alone modulates
HIV transmission. In our analysis, the AF-prone commodities
(rice and peanut) that were associated with hepatocellular
cancer were negatively associated (or tended to be so) with HIV
infections. Rice was associated with reduced HIV, but this could
also have been the result of higher consumption of rice in
predominantly Muslim countries in which male circumcision is
more prevalent.
The parallel relation between maize and esophageal cancer
rates (Table 2) suggests that the HIV-maize relation may depend
on either fumonisin or on both fumonisin and aflatoxin. Two
actions of fumonisin may be responsible for the observed relation. The most likely mechanism is that fumonisin might increase membrane permeability (25), which could promote HIV
transmission. Alternatively, fumonisin may promote HIV infections by interfering with the biosynthesis of ceramide and complex
sphingolipids (26), which are implicated in the membrane

Downloaded from ajcn.nutrition.org at GEORGIA SOUTHERN UNIVERSITY on December 18, 2013

The HIV rate for Zimbabwe, Botswana, and Swaziland (the
statistical outliers) is not explained by the variables considered in
this analysis; however, this effect could be a result of migrant
labor associated with South African mining because the relation
to maize consumption was maintained but differed in the intercept term of the regression model (Figure 2).
Use of the coefficients of determination to partition the sources
of transnational variance in HIV cases indicated that much of the
overall variance can be accounted for by %Muslim (20%) and
maize consumption (67%: 47% all countries and 20% outlier
country-specific effects by subtraction). This suggests an important role of food factors in the epidemic, which is clearly
deserving of more and vigorous investigation. The relative risk of
HIV associated with a high %Muslim country (0.52) compared
with the contrasting population is consistent with the reduced risk
observed for circumcision in clinical trials within country
locations (5).
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properties and in the attachment of HIV to human cells (14).
However, the available evidence indicates that fumonisins result in
less infective virions (14).
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